Abstract-Monitoring blood coagulation in response to an anticoagulant (heparin) and its reversal agent (protamine) is essential during and after surgery, especially with cardiopulmonary bypass. A current clinical standard is the use of activated clotting time, where the mechanical movement of a plunger through a whole blood-filled channel is monitored to evaluate the endpoint time of coagulation. As a rapid, simple, low-volume, and cost-effective alternative, we have developed a paper microfluidic assay and Raspberry Pi-based device with the aim of quantifying the extent of blood coagulation in response to varying doses of heparin and protamine. The flow rate of blood through the paper microfluidic channel is automatically monitored using the Python-coded edge detection algorithm. For each set of the assay, 8-µL of fresh human whole blood (untreated and undiluted) from human subjects is loaded onto each of eight sample pads, which have been preloaded with varying amounts of heparin or protamine. The total assay time is 3-5 min including the time for sample loading and incubation.
on cardiopulmonary bypass (CPB). If blood coagulates while a patient is on CPB, clots can be sent from the bypass machine into the bloodstream of the patient, which can cause serious complications such as stroke or embolism. The use of CPB requires that a patient's blood be in an optimally anticoagulated state, and upon conclusion of CPB blood must be returned to homeostatic conditions [1] .
To prevent coagulation from occurring, an anticoagulant, typically sodium heparin, is intravenously administered to patients. Heparin must be administered to a patient in a high enough dosage to prevent any clot formation for the duration of a surgery that requires CPB [2] , [3] . Reaction and metabolic rates to a dose of heparin are significantly varied by individuals and the nature of treatments, leading to varied plasma heparin concentrations even when administered in identical dosages [4] , [5] .
Following administration of heparin to a patient, this anticoagulant must be reversed when anticoagulation is no longer necessary (i.e. when CPB is no longer necessary in this instance). To reverse the anticoagulant effects of heparin, a reversal agent, protamine sulfate, is intravenously administered to patients. Protamine reverses the actions of heparin by binding to the heparin molecules in the blood. Adverse side effects, such as anaphylaxis, hypotension, pulmonary hypertension, and platelet activation/dysfunction are known to occur following administration of protamine [6] . The risk of these adverse effects increase with excessive dosages of protamine [6] . Protamine dosage have previously been determined either empirically from heparin dosage administered or on patient weight [6] , which does not account for individualized differences in interactions with heparin and protamine. For these reasons, a method to determine patient-specific dosing of protamine would be highly beneficial to reverse the remaining heparin in a patient's blood exactly, without adding excess protamine to the blood. Pediatric patients are at a particular risk when administered heparin or protamine while on CPB or extracorporeal membrane oxygenation (ECMO). Pediatric patients have immature coagulation systems and are affected significantly by hemodilution [7] , [8] .
The most common method for monitoring blood coagulation during surgery is the use of activated clotting time (ACT) [1] , [2] . ACT measures the time it takes for blood to clot after being exposed to an activator such as celite, kaolin, or glass beads. Before heparin is administered during CPB, the baseline ACT is determined. The patient is then administered a dosage of heparin that is typically determined based on their weight [6] . The ACT is again tested after the administration of heparin. If the ACT is not within the time range deemed safe at the particular hospital or by the surgeon, more heparin is administered until the ACT is within this safe range. Typically, the safe range of ACT is a value of over 400 s [9] . Throughout surgery, the ACT is tested approximately every 30 minutes to ensure that it remains within the safe range, or if more heparin needs to be administered to the patient. When CPB is no longer necessary, protamine will be administered to a patient, again based on weight or the dosage of heparin administered. The ACT is tested again until the patient is back to the initial baseline value. Surprisingly, many of the common practices related to CPB are still based on clinical experience rather than a strong foundation in evidence, as many factors still need to be studied [10] .
It is well known that heparin concentrations within a patient do not correlate to ACT values [4] [5] [6] . Since metabolic rates of heparin (and protamine) are varied by individuals and treatment methods, a dosage of heparin administered is not indicative of the final plasma heparin concentration. Another concern with ACT is the wide range of ACT machines available and the inconsistencies between them [11] . There are large variations reported between identical samples tested repeatedly using one single machine, as well as between a newer and older model of the same brand and model of ACT machine [12] .
Direct information on dosages of heparin and protamine can be provided via titration-based method. HMS Plus from Medtronic Cardiac Surgery is a good example [5] . Studies have shown that the use of the HMS results in fewer complications, fewer blood products needed, and less time in the operating room (OR) after protamine being administered in pediatric patients (a population of particular concern) [5] .
Most point-of-care blood coagulation monitoring devices, including ACT equipment and HMS Plus, measure the coagulation endpoints in fresh whole blood samples in an electromechanical manner. In ACT Plus from Medtronic, for example, a plunger-flag assembly falls through the whole blood sample in each cartridge channel, which is monitored by a photo-optical system [13] . With fibrin clot formation, it falls slower than with unclotted sample. Such endpoint time will be recorded as ACT. While they have been successfully used in clinical settings, there still exist substantial rooms for improvement. Firstly, they measure the endpoint time of coagulation, which can be substantially shortened by evaluating coagulation in situ. Secondly, the mechanical system (e.g. plunger-flag) is rather complicated, which may increase the device and supplies cost and/or compromise assay reproducibility. Simpler mechanism could improve sensitivity and reproducibility, or at least maintain comparable sensitivity with shorter assay time. Thirdly, they require substantial volume of blood -ACT Plus requires 0.2 mL per channel and HMS Plus requires a total of at least 2.4 mL [5] , [13] . Reduced volume requirement would certainly be an advantage, especially when repeated testing is necessary [1] . Finally and most importantly, the costs of many existing devices are substantial: ACT Plus device costs ∼$4,400 and HMS Plus device costs ∼$26,000. In addition, custom syringes and cartridges are necessary for each use, and substantial training time is also necessary [14] .
Our work is aimed at rapid, simple, low-volume, and costeffecctive assay method of evaluating blood coagulation in response to varying concentrations of heparin and protamine. Towards this end, we replaced the cartridge-based channels with paper microfluidic channels. Whole blood samples traveled through paper fibers spontaneously via capillary action, also known as wicking. The lengths of such blood flow were measured over time in situ (=flow rates), before the endpoint of coagulation, as long as the data showed statistical significance. This would substantially reduce the assay time. In addition, the assay was greatly simplified since the flow was spontaneous and no complicated mechanical action was necessary. Volume could also be reduced substantially, as whole blood flowed through very thin paper fibers with micron-scale pores. Cartridges were replaced with simple wax-printed paper strips and the photo-optical detection system with Raspberry Pi and Pi camera, thus significantly lowering the device cost.
While blood analyses have extensively been studied on silicone-based microfluidic devices [15] , [16] , blood coagulation have not extensively been studied on such microfluidic platforms. A small number of recent publications are focused on evaluating the time for blood to coagulate, essentially duplicating ACT on microfluidic platforms [17] [18] [19] . In addition, these recent studies have demonstrated neither the use of fresh human blood immediately after withdrawal nor multiplexed assays with varying heparin and protamine concentrations. In this work, 8 assays were simultaneously performed on an 8 channel paper microfluidic chip to test for 4 different heparin or protamine concentrations in duplicates, with blood withdrawn from human subjects at the start of the assay. The flow length and subsequent flow rate of whole blood through paper fibers were monitored in situ, as compared to the endpoint coagulation time in other methods. Each of the 8 channels has a sample size of just 8 μL of human whole blood from human subjects; no dilution, processing, or reagents are required. Further, we have developed a Raspberry Pi-based device with Python-coded edge detection algorithm that automatically captured images of the paper microfluidic chip over the course of 2-3 minutes, automatically analyzed the flow rate of blood, and displayed a result to the user. Fig. 1 outlines the assay process from drawing blood to displaying results.
II. MATERIALS AND METHOD

A. Study Design
Study groups in this controlled laboratory experiment include heparin sodium and protamine sulfate in varied concentrations added to human whole blood. Samples were randomly assigned a drug, and dosage and researchers were not blinded.
B. Blood Collection
Human whole blood was collected from volunteers according to the protocol 1612094853 approved by the University of Blood is drawn from a volunteer immediately prior to assays, acting as a substitute for a patient's blood during surgery. A 3D printed stamper block is designed to hold the glass fiber sample pads, where varying concentrations of heparin or protamine solutions (8 μL) are preloaded and allowed to dry fully at room temperature. 8 μL of undiluted and untreated human whole blood is loaded onto the sample pads using an 8 channel multipipette. The blood is incubated on the stamper block to allow sufficient time for the blood to interact with the preloaded drug (2 minutes for heparin and 1 minute for protamine). The sample pads are then stamped onto the loading area of the paper microfluidic chip, which starts the simultaneous blood flow over eight channels, initiating the assay. The paper microfluidic chips are then imaged by a Raspberry Pi camera and images are analyzed by a Raspberry Pi 3 with results displayed to the user on a touchscreen display.
Arizona's institutional review board (IRB). ASCP (American Society for Clinical Pathology) board-certified medical laboratory scientist withdrew the blood samples from the volunteers. No personal identifying information was collected. The total number of subjects was identified as 9. Blood was collected immediately before assays were conducted. For testing of heparin dosage, blood was used immediately following blood draw with no anticoagulants added. For testing of protamine dosage, 3 USP/mL of heparin was added to the blood during blood draw. Blood volume added to each of 8 sample pads was 8 μL.
C. Paper Microfluidic Chip Fabrication
Nitrocellulose paper with a lateral flow rate of 75 s per 4 cm (Millipore Sigma, Billerica, MA, USA) was patterned via wax printing using a Xerox ColorQube 8580 solid ink printer. After the pattern was printed on the nitrocellulose paper, chips were melted at about 130 • C for 2-3 minutes, to allow for the wax to flow down into the paper fibers. The hydrophobic wax barrier was designed as (0, 255, 255) RGB intensity values, resulting in a teal color, used to distinguish blood (red) versus the wax barrier. The wax channels have a 4 mm × 4 mm sample pad loading area and channel (30 mm L × 1 mm W) that also acts as a wicking pad due to its extended length. Each paper microfluidic chip contains 8 channels, to allow for simultaneous testing of duplicates of each of four drug concentrations (Fig. 1) . G041 glass fiber conjugate pad sheets (Millipore Sigma, Billerica, MA, USA) were mechanically cut into 4 mm×4 mm squares and placed on a 3D printed stamper to act as sample pads (Fig. 1) . Glass fibers acted as an activator for blood coagulation, similar to glass beads [1] , [2] .
D. Heparin and Protamine Solutions
Sodium heparin (Sagent, Schaumburg, IL, USA) was diluted in Plasma-Lyte A to final concentrations of 0 USP/mL, 2 USP/mL, 4 USP/mL, and 6 USP/mL. 0 USP/mL of heparin provides the baseline of the patient without any anticoagulant. 2 USP/mL of heparin is used as a starting point to get an ACT of 300 s, where surgeons can safely begin cannulation. Between 2 and 4 USP/mL of heparin is a standard dosage of heparin to result in a patient being within the safe range of ACT (>400 s). 6 USP/mL is included as a high dose to evaluate those patients who are less sensitive to heparin and require a higher dosage. Protamine sulfate (Fresenius Kabi, Lake Zurich, IL, USA) was diluted in Plasma-Lyte A to final concentrations of 0 mg/mL, 2 mg/mL, 4 mg/mL, and 6 mg/mL. Typical protamine dosages range from 0.5-4 mg protamine per unit of heparin, with the variation often being attributed to the institution and the specific procedure. Again, 6 mg/mL of protamine is included as a high dose to evaluate those patients who are less sensitive to heparin or have excess heparin in their system. Sample pads were placed onto a 3D printed stamper, which allowed for simultaneous and consistent stamping of sample pads onto the loading area of the paper microfluidic chip (Fig. 1 ). 8 μL of each drug solution was loaded onto a single sample pad and allowed to dry fully at room temperature (about 25-35 minutes). Once dry, these sample pads were considered to be pre-loaded with heparin or protamine (relative to the start of the assay).
E. Optimization of Incubation Time
For each of the two drugs used, the incubation time was optimized by testing a wide range of incubation times from 0 to 10 minutes. The optimal incubation time was determined based on reproducibility of the assay and a lack of clot formation in the sample pads.
F. Assay Procedure
Prior to assays, heparin or protamine was preloaded onto sample pads that were placed on stamper blocks and allowed to dry fully. 8 μL of human whole blood was added to each of 8 sample pads following the blood collection procedure (Fig. 1) . Sample pads preloaded with heparin were incubated with human whole blood at room temperature for 2 minutes, while those with protamine for 1 minute. The sample pads' pore sizes were substantially bigger than those of the paper and the blood samples were fully absorbed and remained there in liquid form. Following the incubation period of the blood and the preloaded drug, sample pads were stamped onto the loading area of the paper microfluidic chip (Fig. 1) . The assay monitoring device was started as sample pads were loaded onto the paper microfluidic chip, initiating the flow of blood through the paper microfluidic chip. For all samples a baseline flow length/rate was determined by the flow rate of an individual's blood with no heparin and no protamine added to the blood, and used to obtain normalized flow lengths. The baseline flow lengths/rates at 180 s were used for all time points, so that the time-dependent increase could be monitored.
G. Assay Monitoring Device
The assay monitoring device consists of a Raspberry Pi 3, 7" touchscreen display, and Raspberry Pi camera module (Fig. 2) . The program to capture and analyze images of the paper microfluidic chip throughout the assay was coded in Python. Upon initiation of the assay, the monitoring device captured images of the chips at time points of 10 s, 20 s, 30 s, 40 s, 50 s, 60 s, 120 s, and 180 s from the initiation of the assay. Images were saved to be later analyzed manually for initial optimization, and eventually with automated image analysis methods coded in Python.
H. Sample Size
Each single assay consists of 8 channels, with 4 drug concentrations tested, meaning that each drug concentration was tested in duplicate for a single blood sample. Data shown is the compilation of the assays from 9 subjects, each duplicated, resulting in n = 18 for a given drug concentration at each time point. Assays were considered a failure if a known issue occurred during the assay (such as sample pads being stamped on late or sample pads being stamped partially outside of the sample pad loading area). Individual channels were considered a failure if a known issue occurred during the assay (such as wax blocking a single channel or a single sample pad not adhering to the loading area of the paper microfluidic chip). Averages of these compiled data sets are presented with error bars representing standard error of the mean.
I. Manual Data Analysis
Images were analyzed for length of flow at each known time point, resulting in information on the flow rate throughout the assay. The length of flow was measured using ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA) from the base of the sample pad to the end of the blood flow in the channel. The tilt and rotation of chips within each image was corrected for using a correction factor based on the known consistent length of each wax printed hydrophobic channel barrier. Within each assay, data was normalized by dividing by the average of the 0 USP/mL heparin or 0 mg/mL protamine concentration, at given time point.
J. Automated Data Analysis
The automated analysis was coded in Python using OpenCV and NumPy. Contour detection was used initially, followed by edge detection. The initial image was converted to a binary image in this manner. From a binary image, the edge of the wax printed chip was detected and served as a reference point. The rows and columns (i.e., pixel coordinates values) with respect to the reference line were evaluated for the beginning and the end of blood flow within each microfluidic channel, and the distance between these two points was evaluated as the flow length. Fig. 3 illustrates the automatic data analysis procedure.
K. Statistics
Student's t-test was performed to determine differences in the lengths of blood flow between drug concentrations. ANOVA was performed for each individual at different time point. A p-value of less than or equal to 0.05 was considered significant.
III. RESULTS
A. Device
The assay monitoring and analysis device consists of a Raspberry Pi 3, coded in Python, a 7" touchscreen display, and a Raspberry Pi camera module. These components are housed in a 3D printed enclosure (Fig. 2) . The device successfully captures and saves images of the paper microfluidic chip used for this assay at set time points of 10 s, 20 s, 30 s, 40 s, 50 s, 60 s, 120 s, and 180 s. These images have text overlay detailing the drug being tested, concentration, and the time point. Fig. 3 . Automated image analysis procedure. The automated image analysis program finds the paper microfluidic chip within a larger image, then carries out contour detection and edge detection algorithms to find the wax printed borders and the edge of blood flow. Each channel is found and a horizontal reference point is determined based on the wax printed borders. The distance from the reference point to the edge of blood flow is measured for each channel.
Initially, manual image analyses were performed and the flow rates (or the lengths of flow at each time point) were evaluated. For all assays, automated image analyses were also performed, and the averaged lengths of flow at each time point along with overall standard errors were collected.
B. Incubation Time Optimization
0 minute incubation time does not allow sufficient time for the drug to act on the blood, and therefore was excluded. Incubation times of 5-10 minutes resulted in blood clotting and drying on the sample pads, and were therefore excluded. It was found that the optimal incubation times (for reproducibility of the assay and to prevent drying) were 2 minutes for blood samples with heparin and 1 minute for blood samples with protamine.
C. Assay Time Optimization
The normalized flow lengths from 9 different subjects were averaged and plotted against the varying heparin concentrations from 0 USP/mL to 6 USP/mL. All data were normalized with the baseline flow rate with 0 USP/mL at 180 s. Between 2 and 4 USP/mL of heparin is a standard dosage of heparin to typically result in the safe range of ACT. 6 USP/mL is included as a high dose for the patients who are less sensitive to heparin. Overall trends at each time point for varied preloaded heparin concentrations are shown in Fig. 4 . It was expected that as heparin concentration increased, flow rate (or length of flow at each time point) would increase due to the anticoagulant effects of heparin. Fig. 4 shows that the data followed this expected trend. ANOVA was performed for each data set at different time points (data sets at 10 s and 20 s were excluded as the blood did not flow sufficiently before 30 s on several occasions). The resulting p values are shown below the main plot, indicating that the significance (p ≤ 0.05) could be achieved at 120 s and 180s. With the aim of reducing assay time, the optimum assay was determined to be 120 s.
Additionally, the normalized flow lengths from 9 different subjects were averaged and plotted against the varying protamine concentrations from 0 mg/mL to 6 mg/mL. All data were normalized with the baseline flow rate with neither heparin nor protamine at 180 s. As all blood samples were added with heparin, the normalized flow length at 180 s was substantially higher than 1 with low protamine doses, while it approached to 1 with high protamine dose. Typical protamine dosages range from 0.5-4 mg protamine per unit of heparin. Again, 6 mg/mL of protamine was included as a high dose for the patients who are less sensitive to protamine or have excess heparin in their system. Overall trends at each time point for varied preloaded protamine concentrations are shown in Fig. 5 . It was expected that as protamine concentration increased, flow rate (or length of flow at each time point) would decrease due to protamine reversing the anticoagulant (Fig. 4) . effects of heparin. Fig. 5 shows that the data follow this expected trend. ANOVA was performed for each data set at different time points (data sets at 10 s and 20 s were again excluded as the blood did not flow sufficiently before 30 s on several occasions). The resulting p values are shown below the main plot, indicating that the significance (p ≤ 0.05) could be achieved again at 120 s and 180s. With the aim of reducing assay time, the optimum assay was again determined to be 120 s.
D. Automated Image Analysis
To automatically analyze these images, OpenCV and NumPy were used in Python. The automated analysis code opens the captured images, finds the paper microfluidic chip, finds each of the 8 channels within the chip, finds the wax printed edge as a reference, and measures from the reference edge to the edge of blood flow (Fig. 3) . The results were then automatically analyzed following the same normalization procedure outlined in the manual analysis section, and displayed to the user.
By analyzing the length of blood flow using this automated method, standard error for all 9 subjects was reduced by 47.2% for the average heparin dose response curves, and by 24.7% for the average protamine dose response curves by eliminating human error (Fig. 6 and Fig. 7) .
Of the 560 data points for each of the two drugs tested, 95.2% and 85.2% were successfully analyzed retroactively for heparin and protamine dose response curves, respectively ( Fig. 6 and Fig. 7) . Fewer data points were analyzed for protamine dose response curves due to a failure to automatically analyze one complete chip. Ambient lighting conditions were not controlled at the time of capture, and this contributes heavily to the success of the automated analysis. (Fig. 4) . The standard errors of the averages from 9 different subjects, each duplicated, were significantly decreased using automated image analysis versus manual image analysis by eliminating human error. Fig. 7 . Automated image analysis with protamine. All other experimental conditions are identical to those with heparin (Fig. 6 ).
In addition, the automated analyses generated a general increasing trend in normalized flow length against heparin concentration, while the manual analyses did not -in fact, the manual analysis results with 4 and 6 USP/mL were similar to each other. We have occasionally noticed a small extent of separation of plasma from red blood cells within paper channels, especially with high dose of heparin (4 and 6 USP/mL), which led to difficulty in manually identifying the flow lengths. With automated analyses, consistent and reproducible identification of flow front could be made, leading to smaller error bars and distinction between 4 and 6 USP/mL. Similar results were obtained with protamine experiments: the manual analysis results with low dose of protamine (0 and 2 mg/mL) were similar to each other (where the added heparin has not been reversed yet), while they were distinct with automated analyses.
E. Dose Responses
As the optimal assay time was determined to be 120 s, we can focus on the 120 s data set in Fig. 6 to evaluate the heparin dose responses. It shows a continuous increase over the heparin concentration; in fact, such linear increases can be observed in most other set time points. These results suggest that all heparin concentrations (2, 4, and 6 USP/mL) were effective in increasing the flow length, demonstrating their anti-coagulation capability.
Protamine dose responses can also be evaluated by examining the 120 s data set in Fig. 7 . It shows a decrease up to 4 mg/mL, followed by an increase in 6 mg/mL, demonstrating their reversal effects only up to 4 mg/mL.
IV. DISCUSSION
A. Concept of Research
Blood is a unique fluid due to its ability to clot readily. As blood clots form, the fluid becomes thicker and contains increasingly larger particles (blood clots). Such change will inevitably change the viscosity of blood. The capillary flow rate is reduced to the general Lucas-Washburn equation: l 2 /t ∝ Rγ LG cos θ / 2μ, where l is flow length, t is time, R is capillary or pore radius, γ LG is the surface tension between liquid (blood) and gas phases, θ is the blood contact angle over capillary or pore surface, and μ is dynamic viscosity [19] . As R cannot be varied and γ LG and θ do not change significantly upon coagulation, the flow length (l) or rate (l 2 /t) depends almost solely on viscosity μ. Therefore, it is possible to use the flow length or rate as a measure of blood coagulation.
Based on these hypotheses, we designed and tested a paper microfluidic assay to monitor the flow rate of blood, and therefore the ability of the blood to coagulate, in response to varied concentrations of heparin or protamine added to the blood. The assay is preloaded with these drugs, to allow for a single step test. The glass fiber pad on a stamper acted as an activator for blood coagulation, similar to the use of glass beads as an activator in ACT [1] , [2] . Based on the data shown in Fig. 4 and Fig. 5 , it is clear that the results could be obtained 2 minutes after sample loading, as significant differences do not occur between 2 and 3 minutes (120 s and 180 s) of assay time. The total assay time would be 3-5 minutes including the time for sample loading and incubation. Our assay time is significantly faster than the current gold standard of ACT, which can take up to 17 minutes; even a few minutes is often critical in a situation where a patient is on CPB.
The use of a stamper allowed us to provide a uniform pressure over 8 microfluidic channels in a single paper microfluidic chip, ensuring the reproducibility and uniformity within a single data set. However, the stamper's pressure applied to paper might vary significantly over different paper microfluidic chips and subsequently different subjects. Normalizing the flow lengths by the baseline flow rate, as described in Materials and Method, addressed such variations, at least partially.
B. Assay Time and Sample Volume Requirement
Achieving and maintaining an appropriate inhibition of coagulation ability of the blood, utilizing heparin, is critical for patient safety while on CPB, as mentioned in the introduction. Following the administration of heparin, protamine needs to be administered in a dose that will fully and exactly reverse the heparin remaining in the patient's blood. Protamine has been shown to have adverse effects when administered in excess. The assay we have demonstrated through this work has the potential to provide information to clinicians on exactly what dose of heparin and protamine will achieve these goals in a specific patient. Further, the assay demonstrated has the ability to provide this information in 3-5 minutes with only a few microliters of blood used per assay, which is beneficial in a surgical environment where both time and blood loss are major concerns.
Our assay has the distinct benefits over ACT that the assay time is 2 minutes for a simple coagulation test (vs. up to 1000 s or 17 minutes) and the blood volume is 8 μL per assay (vs. up to 20-30 μL per assay). Our assay has the distinct benefits over HMS that the blood volume is 8 μL per channel, resulting in 64 μL per assay for a full dose response curve, versus 2.4 mL of blood needed per assay for the HMS. The device is significantly more cost effective than the HMS, without requiring custom syringes or cartridges and extensive training. These benefits allow for answers significantly faster, which is critical in a surgical environment, and repeated testing to have extremely low impact on blood loss. Further, if increased heparin levels are required during surgery, ACT provides no direct information on this, while our assay provides specific information regarding patient response to a variety of dosages.
C. Future Impact
The assay created through this work has the potential to contribute to personalized medicine advancements by accounting for the response of an individual's blood to a specified dosage of heparin or protamine.
If expanded to other blood-thinners, such as those taken daily by patients, our assay and monitoring device could potentially provide a patient and their physician with information on the proper dosage of the anticoagulant they are taking. Since only 8 μL of sample is needed for each channel, a simple finger-pricking device could be used rather than relying on a certified phlebotomist in a laboratory setting to monitor blood coagulation. Such an expansion could allow this technology to impact a patient in their daily life, rather than only in a surgical setting.
V. CONCLUSION
We have demonstrated a flow rate-based paper microfluidic assay for fresh, untreated, and undiluted human whole blood from human volunteers, that could quantify whole blood coagulation in a rapid, simple, low-volume, and cost-effective manner. The assay takes only 3-5 min including the time for sample loading and incubation, and requires only 8 μL of blood per channel. Our assay is monitored by a Raspberry Pi-based device, which provides a user-friendly interface and allows for immediate and automated analysis of results with Python-coded edge detection algorithm. Our device is able to provide information on patient-specific dosing of an anticoagulant and its reversal agent, unlike current standards that only tell an arbitrary time for blood to clot.
Some limitations need to be overcome while advancing this work further. Automated image analysis was conducted retroactively on the data presented, therefore ambient lighting conditions were not controlled in each image captured. Future work should include controlled ambient lighting conditions to improve the success rate of the automated image analysis program. Future work would be aimed at decreasing the limit of detection, to improve the precision in dosing of each drug tested. Future work would also be aimed at determining the exact dosage that protamine has reversed the actions of heparin without being in excess of heparin, which could be accomplished by looking at lower and more precise dosages of protamine. Future work can also be aimed at determining the impact of varied protamine doses on blood with varied heparin concentrations, as the current work only evaluated the impact of varied protamine doses on blood with 3 USP/mL heparin. A key factor to consider going forward is the testing of blood from patients with coagulation disorders, such as hemophilia, which is problematic with currently monitoring methods such as ACT. After advancing this heparin/protamine assay, expansion to other anticoagulants would be considered.
